We propose a quantum bath engineering method for the initialization of arbitrary number of flux-tunable transmon qubits with a multi-resonator circuit quantum electrodynamics (QED) architecture. Through the application of the microwave drives, we can prepare any number of qubits distributed among the network into arbitrary initial states (on the Bloch sphere surface). Taking into account the practically experimental parameters, we verify that the initialization process could be achieved in 1µs with the fidelity in excess of 99%. Moreover, due to the special structure of the circuit network, the initialization efficiency is independent on the number of (ideal, provided) qubits, as only a definite number of bosonic modes are involved in despite of the increasing number of the qubits to be initialized.
The turn of this century has witnessed so many advances in theoretical and experimental frontiers of quantum information processing, including quantum computation [1, 2] , simulation [3] [4] [5] as well as communication [6, 7] , with an outlook that many intellectual breakthroughs and technical innovations are still to be made in the future [8] [9] [10] . The physical realization of quantum computing generally requires the ability to initialize qubit to arbitrary superposition of computational basis states [11] . Determinately and quickly initializing qubit into any well-defined state provides a convenient avenue for an error-corrected information processor [12] [13] [14] , as well as for quantum memories [15] [16] [17] .
The traditional route to generate coherence and entanglement relies on minimizing coupling to a dissipative bath. Alternatively, demanding control over the coupling in engineer is replaced by a relatively open environment that allows dissipation to actually assist the generation of coherence and entanglement [18] [19] [20] . Cavityor resonator-assisted cooling, which dissipates the kinetic energy in a dissipative environment created by cavity or resonator photon loss, has become eye-catching in artificial atoms [21] [22] [23] [24] , genuine atoms [25, 26] , spins [27, 28] , and mechanical objects [29] [30] [31] . A paradigmatic example is quantum state engineering of a single qubit in a quantum bath, where dissipation may be engineered to relax the system towards any arbitrary states (corresponding to points on the Bloch sphere surface) [22] . Recently, it was demonstrated that cavity-assisted cooling of ensemble spin and artificial atom systems can be implemented on a timescale about microseconds [22, 28] . Resonatorassisted quantum bath engineering may be used to prepare the superconducting flux qubit into any orbital state of the Bloch sphere surface with a controllable phase factor [24] . However, these gratifying schemes all focus on * Electronic address: zbyang@fzu.edu.cn a single qubit. In quantum computation, the operation of logic gates requires direct or indirect coupling between qubits. During the process, one of the most critical challenges is how to effectively initialize designated qubits while with the other qubits unaffected [11] , especially in such an always-connected circuit network [10] .
We propose here an effective quantum bath engineering method for initializing arbitrary multiple flux-tunable transmon qubits with a multi-resonator circuit quantum electrodynamics (QED) architecture. In this work, independent, rapid and precise control over the internal state of the flux-tunable transmon qubit, allows us to prepare arbitrary qubits into any well-defined states for random initial states. The Markovian master equation describing the quantum circuit has been solved in the presence of the corresponding (say, to qubits) adjustable microwave drives. Our calculations verified by Monte-Carlo simulation indicate that arbitrary number of qubits are able to be simultaneously prepared into redefined ground states for random initial states with short polarization time in the 0.2-0.8 µs range for the experimentally feasible sample parameters, which is significantly shorter than the intrinsic energy relaxation time for the superconducting flux qubit in the 6-20 µs range [32, 33] . Our numerical calculations certify that such a method is tolerable of considerable fluctuation of system's parameters.
The computational basis states of our circuits are realized using the two lowest energy levels, |0 and |1 , of the flux-tunable transmon qubit [34] . As shown in FIG.  1(a) , a transmon-type qubit capacitively coupled to two of its adjacent resonators constructs the scalable structural block, N such blocks capacitively coupled to each other form the multi-resonator multi-qubit circuit QED network. Qubits interact through two strongly coupled resonators, served as a Purcell filter, to suppress the offresonant interactions [35] . This multi-resonator multiqubit circuit QED architecture is feasible for the current experiment technology [36] . In the presence of N independently adjustable microwave drives, acting one- ) |1 , which is the eigenstate of the redefined Pauli operator σ n z = − sin θn cos φnσx + sin θn sin φnσy + cos θnσz with eigenvalue −1, i.e., ground state. This Pauli operator σ n z (pink arrow) can be obtained by an around-z-axis rotation with angle φ-Rz(φ) followed by an around-y-axis rotation with angle θ-Ry(θ). The detuning of the drive (blue arrow), the real part (red arrow) and imaginary part (green arrow) of the Rabi frequency should be adjusted to satisfy Eq. (3), which gives clear direction to polarization process. (c) Drive of low-temperature quantum bath. Effective initialization happens, when the spectrums of the microwave resonator, the filter-fliter coupling and the effective Rabi frequency match, i.e., δω − v − 2Ω = 0. Quantum bath engineering created by the resonator photon shot noise drives each qubit to its target states |− n for random initial states. Here we set N = 3.
to-one on N qubits, oscillation between energy levels |0 and |1 of each qubit with regolabile frequency ω n is induced near resonance. We can write the Hamiltonian for the whole quantum circuit within the standard rotating wave approximation (RWA) as well as in the rotating frame
with δω = ω c −̟ L and δ̟ n = ω n −̟ L , where a m (a + m ) is the annihilation (creation) operator of the mth resonator with the frequency ω c , σ n + (σ n − ) and σ n j are the raising (lowering) and j-direction (j = x, y, z) Pauli operators of the nth qubit with the frequency ̟ L , Ω n is the Rabi frequency of the drive acting on the nth qubit, v is the filter-filter coupling and g is the qubit-filter interaction. Our design concept is illustrated in FIG. 1(b)-(c) . Firstly, we rotate the Pauli operators of each qubit, as depicted in FIG. 1(b) , which makes the low-eigenvalue eigenstate of the rotated Pauli operator to be the target state of the nth qubit. Secondly, the photon-loss-assisted driving could stabilize each qubit to its redefined ground state, i.e., the required state, as depicted in FIG. 1(c) . For the nth qubit, any specified point on the Bloch sphere surface |− n = cos( θn 2 ) |0 + e iφn sin( θn 2 ) |1 with θ n ∈ [0, π] and φ n ∈ [0, 2π), must be the eigenstate of the Pauli operator after rotation σ n z = − sin θ n cos φ n σ x + sin θ n sin φ n σ y + cos θ n σ z with eigenvalue −1, i.e., ground state. This rotation is able to be realized by an around-z-axis rotation with angle φ n followed by an around-y-axis rotation with angle θ n (As depicted in FIG. 1(b) , where the bold subscripts x, y, z indicate the space basics after rotation). By weakly coupling each qubit to adjacent resonators with capacitance and by employing a microwave drive that is near resonance with the qubit transition, the engineered low-temperature quantum bath could drive each flux-tunable transmon qubit to its ground state |− n .
In analogy to resonator-assisted quantum bath engineering [24] , we here introduce a rotating transformation R n of Pauli operators for each qubit to investigate the polarization efficiency of the arbitrary direction
where the rotation angles θ n and ϕ n are determined by the Rabi frequency and the detuning of the nth drive field with
We can define this ratio as an effective Rabi frequencȳ
where we have removed the n-dependence of that by adjusting Ω n and δ̟ n for simplicity.
In the rotating frame of
, the Hamiltonian generates six modes M(m, n)(m = ±1, n = 0, ±1) with frequencies ω mn = δω + mv + 2nΩ. We here make a brief summation of the functions of these six modes. There is no preference in the σ n z direction for the dynamics of modes M(m, 0) at the thermal equilibrium, while those of modes M(m, ±1) would drive the qubit to the σ n z = ±1 states, repectively [24, 28] . Therefore, modes M(m, −1) must dominate our polarization process. Here we prefer the mode M(−1, −1) [37] . We may set ∆ = δω − v − 2Ω to be close to zero, choose the strong enough filter-filter coupling, and make the effective Rabi frequency satisfy 2Ω, 2v ≫ ∆, so that other high-frequency modes M(m, n) separate well from mode M(−1, −1). In the interaction frame of R 2 , the Hamiltonian reduces into H I (t) = N n=1 H n (t) with
where we use again RWA in the parameter regime where 2Ω, 2v are large compared to the dissipation rate of the resonator, κ, and the qubit-filter coupling g, i.e., 2Ω, 2v ≫ κ, g. We now move on to study the polarization efficiency of each qubit dominated by the mode M(−1, −1), i.e., ∆ → 0. The evolution of the multi-resonator multi-qubit circuit in an open environment can be modeled by the Lindblad master equation
with
where the qubit dissipation is at the moment left out of consideration, L is the superoperator
, ρ] describing the unitary evolution under the domination of H I , D c is a dissipator representing the dissipative environment created by resonator photon loss,
ωc/kB Tc − 1 is the expectation value of the photon number operator at equilibrium associated with the temperature of the resonators, T c , and the Boltzmann constant k B .
The reduced dynamics of flux-tunable transmon qubits in the interaction frame of the dissipator is given by the 2nd order time-convolutionless master equation (See Appendix B):
(8) If the condition in Eq. (3) is satisfied, the nth qubit with the target state characterized by the specified point on the Bloch sphere surface (θ n , φ n ) can be effectively polarized, when the spectrums of the microwave resonator, the filter-fliter coupling and the effective Rabi frequency match, i.e., ∆ → 0. Then the effective polarization rate of each qubit becomes (See Appendix B):
With the definition of P σ n
is the expectation value of the projection operator |σ n z σ n z | at an arbitrary time t, the Lindblad master equation will reduce to a rate equation for the state populations of each qubit:
In equilibrium, the steady state of the flux-tunable transmon qubit satisfies ∂ t P σ n z (t) = 0 and the expectation value of the operator σ n z for the equilibrium state is
In the ideal case where all resonators are cooled to their ground states, i.e., vacuum states (T c → 0), the final expectation value is approximately σ n z eq ≃ −1.
The separability of rate equation (10) for each qubit makes it easy for us to simulate the gratifying results. For the nth qubit initially taken to be maximally mixed in the basis, i.e., P σ n for temperature T c ≤ 0.3K (within which the thermodynamics effect may not be observed [32, 33] ) may be fitted to an exponential function to derive an effective polarization time constant, T n . A fit to a model given by σ n z = exp(−t/T n ) − 1 yields the parameter
We find that the resetting efficiency is independent on the number of qubits. Inset of FIG. 2 depicts the effective dissipation rate versus the dimensionless parameters ∆/κ and θ n in the units of g 2 /κ. Apparently, the polarization time increases rapidly, when the Stokes photons are offresonant with the resonator and the condition ∆ ≫ κ is satisfied. And the most efficient polarization happens in z direction with the effective dissipation rate Γ n = 4g 2 /κ (θ n = 0, ∆ = 0).
Here we consider the experimentally feasible parameters: v/2π = 100 MHz,Ω/2π = 100 MHz, ω L /2π = 5.7 GHz and ω c /2π = 6 GHz. If we want to initialize the nth qubit into the state |− n = cos(
|1 , the qubit frequency should be set to be ω n = ω L + 2Ω cos θ n , and the microwave drive acting on this qubit should be adjusted with [Re(Ω n ), Im(Ω n ), δ̟ n /2] = −Ω sin θ n cos φ n ,Ω sin θ n sin φ n ,Ω cos θ n .
In such a case, the polarization time, T n , of each qubit is of the range of 0.2 − 0.8µs in the parameter regime (g, κ)/2π = (2, 20) MHz, which is significantly shorter than the intrinsic energy relaxation time for the superconducting flux qubit in the 6-20µs range [32, 33] .
Assume that the quantum circuit has three qubits (N = 3) and should be initialized into σ of the effective θ n -dependent dissipation rate (9) with
The influences of the fluctuations of parameters Ω n and δ̟ n have been previously studied and are normally small enough to be neglected [24] . Simulation results show that the considerable fluctuations of parameters κ and g are also allowed. The polarization efficiency can be improved when we make an optimization of the parameters (g, κ)/2π = (15, 10) MHz, as shown in FIG. 3(b) , where all transmon-type qubits are almost completely driven into their target states after 0.32µs polarization process with σ This significant improvement over previous works opens the way to multi-resonator mutli-qubit network quantum protocols across a range of quantum algorithm, photonic memory, and nascent quantum simulation.
The qubit dissipation will make a disturbance on the equilibrium state and should be considered before it comes to the conclusion. In the presence of qubit decay and qubit dephasing, the Lindblad master equation of the quantum system is
where 1/T θ and 1/T φ are the rates for qubit decay and qubit dephasing, respectively. The evolutions of the expectation values σ n j , with the experimentally available parameters (T θ , T φ ) = (20, 10)µs [33] , are simulated for the master equation in Eq. (14) . We note that a quite in FIG. 3(c) . This means that the proposed scheme is in principle feasible with the presently experimental sample parameters.
In conclusion, we have demonstrated a quantum bath engineering method for the initialization of arbitrary number of flux-tunable transmon qubits with a multiresonator circuit QED architecture. Precise, rapid and independent control over the internal states of transmontype qubits, allows us to achieve flexible resetting for any designated qubits in an alway-connected circuit network. This work is supported by the National Natural Sci- Here we consider the microwave drive acting on each flux-tunable transmon qubit is nearly resonant with the corresponding qubit frequency ω n (n = 1 ∼ N ), the composite Hamiltonian of the multi-resonator multi-qubit network for the superconducting circuit is H = H 0 + H r + H d + H h with ( = 1 is assumed)
where a m (a + m ) is the annihilation (creation) operator of the mth resonator with the frequency ω c , Ω n andΩ n are the Rabi and the counter-rotating Rabi frequencies of the drive acting on the nth qubit, σ + (σ − ) and σ j (j = x, y, z) are the raising (lowering) and j-direction (j = x, y, z) Pauli operators of the nth qubit with the frequency ω L , v is the filter-filter coupling and g is the qubit-filter coupling. In rotating frame defined by
Hamiltonian becomes
with δω = ω c − ω L and δ̟ n = ω n − ω L , where we have made the standard rotating wave approximation (RWA) to remove any time-dependent terms of the Hamiltonian, in the parameter regime ω c , ω L , ω n ≫ g, κ, v, Ω n ,Ω n .
In analogy to resonator-assisted quantum bath engineering [24] , we introduce a rotating transformation R n of Pauli operators of each qubit to investigate the polarization efficiency of the arbitrary direction
We can define this ratio as an effective Rabi frequency for each qubitΩ
where we have removed the n-dependence of that by adjusting Ω n and δ̟ n for simplicity, which is an easy operation in experiment. In rotating frame of
m a m , the total Hamiltonian reduces to H 2 (t) = n H n (t) with
where
(A.10) Using the Baker-Campbell-Hausdorf expansion, we obtain
where σ n(z) ± = (σ n x ± iσ n y )/2 are the ladder operators in the z-basis. Here we emphasize the special structure of the multi-resonator multi-qubit circuit QED architecture. As shown in Eqs. (A.13,A.14), RWA corresponding to resonators only generates two modes (δω ± v), which greatly reduces the complexity of analytical derivation of the scheme, and efficiently improve the polarization. Let us make comparisons with other three kinds of network structures. The most general multi-cavity and multiqubit system is the one at which each qubit is coupled to one cavity, which is directly coupled to its neighboring ones. In this case, the second RWA will generate total 3N modes, the resetting efficiency will be greatly reduced, because only small proportion of modes are matched. In comparison with the case where qubits interact through n(n > 2) resonators, the second RWA will generate total 3n modes. The resetting processes is also influenced by the same reason. The simpler network, where qubits interact through only one resonator, seems to be inconvenient for the scalability.
Substituting Eqs. (A.11-A.14) into Hamiltonian (A.9), we can obtain H n (t) = l=±1 k=0,±1 H n lk (t) with
(A.15) where the rotating frame of R 2 makes the Hamiltonian generate six modes M(l, k)(l = ±1, k = 0, ±1) with frequencies ω lk = δω+lv+2kΩ, coefficients A l mn are given in  FIG. 4(a)-(b) for the case N = 3, and (θ n , φ n )-dependent coefficients are given by Θ n ± = e iφn (cos θ n ∓ 1)/2 for the nth qubit.
There is no preference in the σ n z direction for the dynamics of modes M(±, 0) at the thermal equilibrium, while those of modes M(l, ±1) will drive the qubit to the σ n z = ±1 states, repectively [24, 28] . Therefore, resonator-assisted cooling requires that we should remove the dynamics of M(l, +1) with appropriate RWA. The (θ n , φ n )-dependent coefficients Θ n + indicate that this RWA has more warrant for an around-z-axis polarization, where coefficients Θ n + approaches zero and the dynamics of M(l, +1) disappears.
We may set ∆ l = δω + lv − 2Ω to be close to zero, and choose the appropriate filter-filter coupling and the effective Rabi frequency, so that other high-frequency modes M(l ′ , n)(l ′ = l or n = −1) well separate from mode M(l, −1). It happens when 2Ω and v are big enough, i.e., 2Ω, v ≫ ∆ l . In the interaction frame of R 2 , RWA reduces the Hamiltonian into H where
This RWA is valid in the parameter regime 2Ω, v ≫ κ, g. 
B. Derivation of Markovian master equation
The evolution of the multi-resonator multi-qubit network for the superconducting circuit in an open environment can be modeled by the Lindblad master equation [40] ,
where index l = ±1 corresponds to system dominated by mode
, ρ] is a superoperator describing the unitary evolution under the domination of H l I , D c is a dissipator describing the nonHermitian dynamics of the system due to the coupling to environment
ωc/kB Tc − 1 is the expectation value of the photon number operator at equilibrium associated with the temperature of the bath, T c , and the Boltzmann constant k B .
The interaction superoperator can be expressed as Q(t) = e −Dct Q(t)e Dct provided it works in the rotating frame with the dissipator D c , and the system state evolves according toρ(t) = e −Dct ρ(t). Then the master equation (B.1) of the whole system reduces tȯ
Let's introduce a projection operatorP as to satisfy:
where ̺(t) = tr c [ρ(t)] is the reduced state of N fluxtunable transmon qubits and ρ eq is the resonators equilibrium state. The reduced dynamics of the flux-tunable transmon qubits are transformed into the 2nd order timeconvolutionless (TCL) master equation [40] 
we havePρ
(B.9)
Then the reduced dynamics of the composite system is [28]
(B.10)
With the Definition
where n = (n, n ′ ) and ı = (ı, ı ′ ), the 2nd order TCL master equation (B.10) becomeṡ
Employing the following equation relation of the resonators equilibrium state
14)
we obtain In view of the identity of N separated qubits, we only discuss the evolution of one qubit, the state of that is diagonal in the coupled angular momentum basis ̺ n (t) = ı=±1 P ı (t)̺ n ı . Here we finally consider the diagonal matrix elements P σ n z (t) = σ n z | ̺ n (t) |σ n z (σ n z = ±1) of the reduced density operator ̺ n (t), which corresponds to the expectation value of the projection operator ̺ σ n z = |σ n z σ n z | at an arbitrary time t. For the ath qubit, we obtain
